This paper describes a computer program for synthesizing fundamental frequency (F0} contours for English, and sketches the theory which underlies it. The F0 contour is described as a series of targets within an envelope specifying F0 range; the F0 contour between targets is computed by transition rules. The use of nonmonotonic transitions permits a sparser specification of the contour than has been possible in most previous frameworks.' The program generates a good synthesis of neutral declarative intonation. Unlike most previous F0 synthesis programh, it can also be used to synthesize a variety of non-nentral intonation patterns.
The input to the F0 component of a text-to-speech system is typically underspecified in the sense that it does not provide information about all of the linguistic factors which are known to play a part in governing the /;0 contour. A reading machine for the blind, for example, rhust operate on standard English orthography, which provides no information about the location of stressed Syllables and only marginal information about parsing. Olive's F0 synthesis. program (Olive, 1974) was designed for a word concatenation synthesizer in which the location of lexical stress was unavailable; and the MITalk system described in Allen el-el. (1979) provides some parsing information to o'.qhaughnessy's F0 program,-but this information is in some cases incomplete or incorrect. More broadly, in any text-to-speech system, the computer must assign an F0 contour without understanding what the text is saying. Enormous advances in artificial intelligence will be needed before we can expect a computer to mimic people in using a variety of intonation patterns to express a variety of relations between the current utterance and the sense of the previous discourse. For The researcher whose aim is to model intonation rather than to provide F0 for a text-to-speech system is not constrained by underspecified input. Rather, the problem is to design an input which encodes appropriately the knowledge about a sentence that a speaker would use in computing its intonation; the synthesis program itself embodies a set of rules for translating this knowledge into an F0 contour. This problem may be compared to the problem of designing the input for the segmental component of a synthesis-by-rule system. Ultin•tely, we might wish the computer program to decide wh•t to say, construct a sentence, look up the words in its lexicon and retrieve their transcriptions, and pass these transcriptions to a routine which converts them into sound. In the short run, however, we work on such a complete model one module at a time. Typically, the researcher selects the words and passes a phonological or orthographic transcription to a synthesis routine. Similarly, the program described here accepts a transcription of an intonation pattern and converts it into an F0 contour for an utterance.
The utterance which carries the F0 contour may be synthesized from linear predictor data, • or by rule from a segmental transcription.
In designing a transcription system for an intonation model, we would wish to keep two goals in mind. First, the transcription system must permit us to duplicate the linguistic distinctions that a speaker can make. A segmental synthesizer which uses Arpabet transcription allows .us to duplicate the difference between the pronoun "mine" and the author "Mann" by typing AY versus AA; similarly, the system adopted for transcribing intonation should make it possible to duplicate the intonation of a give• sentence said in various ways, e.g., to convey information; to ask a yes/no question; or to express shocked surprise.
Secondly, we want to leave out of the transcription things that we are able to predict by ruleJ A segmental synthesizer which incorporates rules for unstressed vowel reduction, dental flapping, and/L/-velarization represents more understanding than one which requires a detailed phonetic transcription that provides such information; a synthesizer which requires a phonetic transcription in turn represents progress over one which takes as input time functions for excitation source characteristics and vocal tract resonances.
The intonation synthesis program which will be described below takes a phonetic transcription of the intonat-ion pattern as input. This means that the program incorporates a number of conclusions about what the units of intonational description are and how these units are realized as continuous F0 contours. Sections I and II sketch these conclusions and how they are incorporated into the program; Sec. IV reviews how they are supported by the literature on speech production and perception. At the same time, the program still takes as input some information which a more complete model would handle by rule. Section IlI proposes a more complete description of neutral declarative intonation, and describes the routine which is used in the text-to-speech system described in OLive and Liberman (1979) to .supply input to the program described here. When the program is not driven by this routine, but rather by input from a file, it can compute additional intonation patterns and serves as a tool for investigating more complete models of intonation.
I. BACKGROUND ASSUMPTIONS
A number of conclusions about intonation which are relevant to the F0 synthesis program may be illustrated by considering Fig. 1 Pierrehumbert (1980) . This experiment investigated how the-F0 value of a more prominent peak was related to that of a less prominent one under changes in pitch range and order. In fitting a quantitative model to these data, it was found that the two peaks were in a constant ratio if they were scaled by an implicit declining baseline which was fixed for each speaker. percentage of the way into a stressed syllable which is not phrase-final, and is therefore shorter. Further experimentation with the synthesis program showed that it was impossible to find a fixed distance controlling peak placement which was suitable for all words.
To leave room for the nuclear fall on a word like ';bit," the peak had to be placed a very short distance into the vowel; and when this short distance was used to place the peak in a disyllabic word with a long stressed first syllable, such as "rival," the F0 was then much too low by the onset of the second syllable. As a result, the present program places the peak early in the syllable only in the case of phrase-final nuclear syllables. In order to guarantee a steep nuclear fall, the program still incorporates Ashby's observation that the fall occurs in a fixed amount of time, here 20 cs; however, this rule has resulted in some anomalies and further 990 work on where the oe is located after H is in progress. The program also makes the nuclear fall go below the baseline for the phrase as a whole by lowering a trapdoor in the baseline after the nuclear stress, as can be seen in- Fig. 5 . What the program does, then, is to generate for each nuclear H a following L which has a particular placement in time and pitch. We interpret the fall thenreticaliy as a sequence of H and L, but only the H has to be specified in the input. A target value for a H boundary tone may be specified optiomxally. If it is missing, the program generates an L boundary tone automatically.
III. NEUTRAL DECLARATIVE INTONATION
The F0 contour in Fig. 1 exemplified neutral than "the region's weather." We recognize that focus may override the assignment of stress which these rules would predict. For instance, if someone has already remarked that the weather was dry, one might say "Yes, it is unusually dry." In this case, "unusually •' would of course have stronger stress than "dry,"
and it would be labeled with "s" while "dry" would be labeled with "w."
At this point, it will be useful to-assign a measure of absolute prominence to each stressed syllable in a way which reflects the stress relationships in the tree in Fig. 8. A numbering However, it is clear that human production of intonation displays more latitude than this; we would guess that any perceptually salient difference between two peaks may be used to mark stress subordination in neutral declarative mtor•tion. Subject to the constraint that a stronger stress gets a higher 'peak than a weaker stress, peak height could then be varied at will to express different degrees of emphasis on any given word. For example, in the sentence in Fig. 1 it would be possible to produce the word "unusually" with a higher or lower peak, according to how newsworthy the speaker feels it is that the dryness is unusual.
A program which generates input for the intonation synthesizer described here was written by Mark Liberman for use with the text-to-speech systems described in Olive and Liberman (1979) and Browman (1979) . This program does not have access to a complete parse of a sentence, and so relative prominence c•_not be computed by the method just described. Instead, the nuclear stress is assigned to the last content word in each phrase, and receives a target of The F0 contours generated by the present system for neutraI declarative intonation have a number of similarities to the contours generated by these systems. Because a prenuclear H is located late in the syllable, prenuclear stressed syllables have rising F0 contours. The nuclear stressed syIlable has a fall when the H is placed early in the syllable, as it would in Lea's, Klatt's, and 't Hart and Cohen's syntheses. We found that Incating the peak early in the nuclear syllable was only successful when the syllable was phrase-final. Mattingly (1966) also treats phrase-final nuclear syllables as a special case. Like the other systems, our system ensures that the terminal fall falls further than earlier falls. Lastly, as Fig. 6 and ? showed, the rules for computing the transition between two H accents take the F0 down to the baseline only when the targets are exceptionally far apart. Thus, in a typical case, the/;0 contour computed for a series of H accents would not fall to the baseline and could be reasonably well approximated by adding peaks onto a phrasal hat contour, as Klatt.and Lea propose.
Next to these similarities, there are some important differences. All systems implement H pitch accents as peaks by computing a fall and rise; however, ours is the only one in which the upcoming peak affects the F0 contour from the moment it leaves the last peak.
We believe that this lookahead is responsible for a sig- That is, subjects were unable to use F0 to decide whether the "ma-ma" imitations of the italic words in (7) and (8) represented "mama ma" or "ma mama."
The noisy dog kept everyone up all night.
The bold design kept everyone's attention. 
The present approach predicts these results; F0 provides a way of marking stress, and given the stress pattern the subject would in some cases be able to infer where the word boundary is. However, for any given stress pattern, the tr•msition between the two targets is insensitive to the location of word boundaries. Thus when the location of the word boundary cannot be inferred from the stress pattern, F0 provides no further information.
The framework outlined here also carries some predictions about how and when F0 can be used to mark stress. In the wake of Fry's classic study (Fry, 1958) , the impression grew up that F0 can be viewed as a transducer of stress: The higher the stress, the higher the F0. In the framework outlined here, the relation of F0 to stress is not as direct as this. Rather, a word with a given stress pattern could have any of a number of differen• F0 contours, depending on the intonation p•ttern that was being used. The interaction of duration with 16 different F0 contours was examined. He found that some F0 patterns overrode duration as a cue for stress; that is, for these patterns, subjects gave the same stress judgment more than half the time, regardless of the relative duration of the two syllables. The patterns which best overrode duration as a cue for stress appear to be those for which one intonational analysis would be highly preferred. For example, the two patterns involving a falling H) on the first syllable followed by a low F0 on the second syllable would most readily be interpreted as instances of a nuclear H accent on the noun "subject. "4 In contrast, the pattern with a high.
F0 on the first syllable and a low and then rising F0
•n the second syllable was judged to be a noun when the first syllable was long and a verb when the second syl- 2The F0 synthesis program was designed to be used with the_ dyad synthesis-by-rule system described in Olive and Liberman (1979) . It is also being used with the demisyllable synthesis-by-rule system described in Levins et al. (1979) and Browman (1979) . 3This constraint on relative peak height is intended to apply only in the case of the neutral declarative intonation pattern, which has a H on each accented syllable. There is a different intonation pattern, referred to in Crystal (1969) Allen, J., Hunnicutt, S., Carlson, R., and Granstrom, B.
